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Dumbbell-like  microsphere  carbonate  precursors  including  multi-transition  metal  components  (Nil/ 
3Mni/3Coi/3C03)  assembled  with  nano-building  blocks  were  synthesized  by  urea-assisted  solvo/hydro¬ 
thermal  method,  and  layered  cathode  materials  (LiNii/3Mni/3Coi/302)  were  subsequently  prepared  using 
the  similarly  shaped  carbonate  precursors  for  Li-ion  batteries.  For  the  synthesis  of  hierarchical  micro¬ 
sphere  structures,  the  partial  addition  of  viscous  organic  solvent  (e.g.  ethylene  glycol)  in  aqueous  solu¬ 
tion  played  a  crucial  role,  not  only  in  suppressing  the  sudden  particle  growth  but  also  in  regulating  the 
directional  crystallization  of  carbonate  particles  on  the  surface.  The  dumbbell-like  LiNii/3Mni/3Coi/302 
assembled  with  nanocubes  prepared  via  the  urea-assisted  solvo/hydrothermal  method  exhibited  better 
electrochemical  characteristics,  such  as  initial  discharge  capacity,  cyclic  performance,  and  rate-capability 
as  a  cathode  material  of  Li-ion  batteries,  compared  with  the  LiNii/3Mni/3Coi/302  materials  prepared  via 
the  conventional  co-precipitation  method. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Because  of  the  abrupt  increase  in  interest  in  alternative  fuels  and 
renewable  energy,  substantial  efforts  have  been  exerted  to  develop 
electrochemical  energy  storage  systems  such  as  Li-ion  batteries  to 
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effectively  store  extra  energy  [1-4].  Further  breakthroughs  in 
electrode  materials  hold  the  key  to  making  significant  improve¬ 
ments  in  the  current  Li-ion  batteries  [5,6].  Most  of  the  progress  in 
the  development  of  cathode  materials  to  replace  conventional 
LiCo02  has  been  made  by  regulating  the  stoichiometry  of  transition 
metal  sites  (Mn,  Ni,  Co,  Fe)  and  anion  sites  (F,  PO4,  SiCU,  SO4F), 
thereby  converting  the  structural  and  electrochemical  properties  of 
the  cathode  materials  [5,7-11].  The  introduction  of  multiple  com¬ 
ponents  in  the  transition  metal  sites  of  cathode  materials  can 
enable  high  operating  voltages,  additional  reversible  capacity,  and 
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improved  cyclability.  For  example,  the  diverse  tuning  of  transition 
metal  sites  (M)  in  layered  UMO2  brought  about  the  currently  pro¬ 
gressive  layered  cathodes,  such  as  LiNio.5Mno.5O2,  and  LiNii/3Mni/ 
3C01/3O2,  by  improving  the  operating  voltage  and  capacity  9,12- 
15].  To  synthesize  multi-component  cathode  materials,  the  syn¬ 
thesis  of  precursors  in  which  multiple  transition  metal  components 
are  atomically  mixed  in  a  hydroxide  or  carbonate  structure  is 
known  to  be  essential  [16,17].  The  co-precipitation  method,  which 
involves  a  precipitate  of  an  insoluble  compound  from  a  homoge¬ 
neous  transition  metal  solution,  is  well  known  as  a  conventional 
synthetic  method  for  preparing  multi-component  metal  precursors 
[18,19].  In  other  way,  sol-gel  method  and  polymer  assisted  method 
have  also  been  reported  for  the  synthesis  of  multi-component 
metal  precursors  [20,21].  However,  the  morphological  control  is 
limited  to  microspheres  and  is  considered  a  hindrance  to  making 
further  improvements  in  the  electrochemical  performance. 

Recently,  3-D  hierarchical  microsphere  cathodes  have  attracted 
significant  interest  due  primarily  to  the  fact  that  the  nano- 
structured  nodule  surface  around  the  core  can  not  only  increase 
the  reaction  sites  with  Li+  because  of  it  large  surface  area  but  it  can 
also  prevent  the  decrease  in  the  volumetric  energy  density  caused 
by  the  low  tap-density  of  nanomaterials  12,22,23].  The  key  point 
to  preparing  a  3-D  hierarchical  microsphere  cathode  is  deter¬ 
mining  how  to  control  the  shape  and  composition  of  the  precursor 
because  the  final  morphologies  and  atomic  compositions  of  3-D 
hierarchical  microsphere  cathodes  are  highly  influenced  by  the 
morphological  and  stoichiometric  feature  of  the  precursor  [22,24]. 
Recently,  some  studies  related  to  the  synthesis  of  3-D  hierarchical 
microsphere  precursors  have  been  reported  [25,26].  However,  the 
3-D  hierarchical  microsphere  precursors  reported  are  mostly 
limited  to  single  metal  component  precursors  such  as  Mn02  or 
need  to  be  further  optimized  for  minute  morphological  control 
[26-28]. 

Here,  we  report  the  novel  synthesis  of  a  dumbbell-like  micro¬ 
sphere  carbonate  precursor  including  multi-transition  metal  com¬ 
ponents  (Nii/3Mni/3Coi/3C03)  assembled  with  nano-building 
blocks  by  the  urea-assisted  solvo/hydrothermal  method  and  sub¬ 
sequent  preparation  of  layered  cathode  materials  (LiNii/3Mni/3Coi/ 
3O2)  using  a  tailored  precursor  for  Li-ion  batteries  (Fig.  1).  The 
electrochemical  performance  of  the  dumbbell-like  LiNii/3Mni/3Coi/ 
3O2  assembled  with  nano-building  blocks  (nanocubes)  was 
compared  with  the  LiNii/3Mni/3Coi/302  prepared  via  the  conven¬ 
tional  co-precipitation  method. 

2.  Experimental 

2.1.  Synthesis  and  microstructural  characterization 

The  synthesis  procedure  of  dumbbell-like  LiNii/3Mni/3Coi/302 
assembled  with  nanocubes  (SH-NMC)  consists  of  two  steps:  (1) 


preparation  of  dumbbell-like  Nii/3Mni/3Coi/3C03  precursors 
assembled  with  nanocubes  by  urea-assisted  solvo/hydrothermal 
method  and  (2)  synthesis  of  3-D  hierarchical  LiNii/3Mni/3Coi/ 
3O2  microsphere  cathode  by  shape  controlled  carbonate 
precursor  from  (1).  To  obtain  the  Nii/3Mni/3Coi/3C03  precursor, 
Ni(CH3C00)2-4H20,  Mn(CH3C00)2-4H20,  Co(CH3COO)2-4H20 

(Ni:Mn:Co  =  0.333:0.333:0.333,  total:  0.1  M)  and  NH2CONH2 
(Urea,  2.4  g)  were  dissolved  in  mixture  solution  of  distilled  water 
and  ethylene  glycol  in  a  35  ml:45  ml  (total  volume:  80  ml) 
respectively  and  stirred  with  a  magnetic  stirrer  for  6  h.  The  mixed 
solution  was  sealed  into  a  Teflon-lined  stainless  steel  autoclave 
and  then  annealed  at  140  °C  for  10  h.  After  the  reaction  was 
completed,  the  products  were  filtered  and  washed  using  distilled 
water  and  ethanol  several  times.  They  were  finally  dried  at  100  °C 
overnight.  As  reference,  Nii/3Mni/3Coi/3C03  precursor  was  pre¬ 
pared  by  co-precipitation  method  as  following  procedure.  A  0.5  M 
aqueous  solution  of  NH4HCO3  dropped  into  a  0.1  M  aqueous  so¬ 
lution  of  Ni,  Co,  and  Mn  sulfate  (Ni:Mn:Co  =  0.333:0.333:0.333). 
The  co-precipitated  Nii/3Mni/3Coi/3C03  precursor  was  filtered 
and  dried  at  100  °C  overnight.  The  obtained  Nii/3Mni/3Coi/3C03 
precursors  were  mixed  with  a  stoichiometric  amount  of  Li2C03, 
followed  by  calcination  at  700  °C  for  12  h  in  an  air  atmosphere  for 
preparing  layered  LiNii/3Mni/3Coi/302.  The  each  layered  LiNii / 
3Mni/3Coi/302  cathode  materials  which  were  obtained  from  the 
different  carbonate  precursors  synthesized  via  solvo/hydrother¬ 
mal  method  and  co-precipitation  were  named  as  SH-NMC  and  C- 
NMC,  respectively.  Surface  morphology  of  the  samples  was 
analyzed  using  scanning  electron  microscope  (SEM,  PHILIPS, 
XL30SFEG)  and  transmission  electron  microscope  (TEM,  FEI,  Tec- 
nai  F30  S-Twin).  The  crystal  structures  of  the  samples  were 
analyzed  by  X-ray  diffraction  (XRD,  RIGAKU,  D/MAX-RC).  The 
specific  surface  area  of  the  samples  was  analyzed  by  Brunauer— 
Emmet-Teller  (BET)  surface  area  analyzer  (Micromeritics  ASAP 
2020  M  +  C). 


2.2.  Electrochemical  characterization 

To  fabricate  electrodes,  a  mixture  of  each  active  material 
(85  wt  %)  and  conductive  carbon  (super-P,  8  wt  %)  was  added  to 
N-methyl-2-pyrrolidone  (NMP)  solution  that  contained  poly- 
vinylidene  fluoride  (PVDF).  The  slurry  was  pasted  onto  an  Al 
current  collector  and  then  dried  in  a  vacuum  oven.  Subsequently, 
it  was  punched  into  a  1.4  cm  diameter  disc  shape  after  press.  The 
average  loading  density  of  active  materials  was  1.7  mg  cm-2.  The 
electrochemical  properties  of  the  prepared  electrodes  were 
evaluated  by  using  2032  coin-type  cells  that  were  assembled  in 
an  argon-filled  glove  box.  A  Li  metal  foil  was  used  as  the  counter 
electrode  and  1  M  LiPF6  dissolved  in  1:1  (v/v)  ethylene  carbonate 
(EC)  and  diethyl  carbonate  (DEC)  was  adopted  as  an  electrolyte. 


Dumbbell-like  LiNil/3Mnl/3Col/302 
assembled  with  nanocubes 


Fig.  1.  Schematic  illustration  of  sequential  steps  for  the  synthesis  of  dumbbell-like  LiNii/3Mni/3Coi/302  layered  cathode  material  assembled  with  nanocubes. 
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Fig.  2.  (a-c)  SEM  images  of  Nii/3Mni/3Coi/3C03  prepared  by  urea  assisted  soivo/hydrothermal  method  with  different  magnification;  (d-f)  SEM  images  of  LiNii/3Mni/3Coi/302 
obtained  using  the  Nii/3Mni/3Coi/3C03  precursor  with  different  magnification;  (g-h)  HR-TEM  images  and  (i)  lattice  fringe  of  LiNii/3Mni/3Coi/302  obtained  using  the  Nii/3Mni/3Coi/ 
3C03  precursor.  The  inset  figure  of  (i)  is  the  corresponded  FFT  image;  atomic  distribution  of  (j)  manganese  (yellow  color),  (k)  cobalt  (cyan  color),  and  (1)  nickel  (purple  color) 
analyzed  from  SEM  image  of  inset  of  (j).  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


All  electrochemical  experiments  were  performed  at  room 
temperature. 

3.  Results  and  discussion 

The  multicomponent  carbonate  (Nii/3Mni/3Coi/3C03)  precursor 
was  synthesized  by  the  urea-assisted  solvo/hydrothermal  method. 
The  chemical  reaction  in  the  urea-containing  solution  used  to 
synthesize  the  Nii/3Mni/3Coi/3C03  precursors  could  be  described  as 
follows:  [29,30] 

NH2CONH2  +  H20^2NH3  +  C02  (1) 

NH3  +  H2O^NH+  +  OH“  (2) 

C02  +  20H  -^coj-  +  H20  (3) 


0.333Ni2+  +  0.333Mn2+  +  0.333Co2+ 

+  CO2  — *  Ni|^3Mn-j^3Co-|^3C03 

(4) 

NH+  +  CH3COO  -CH3COONH4 

(5) 

The  reactions  involve  the  thermal  decomposition  of  urea  and 
the  generation  of  OFT  and  COl-  ions  and  the  subsequent  precipi¬ 
tation  of  Nii/3Mni/3Coi/3C03  precursor  under  solvo/hydrothermal 
conditions.  Fig.  2  shows  the  microstructural  evolution  of  the  ob¬ 
tained  Nii/3Mni/3Coi/3C03  precursor  and  the  LiNii/3Mni/3Coi/302 
synthesized  using  the  precursor.  The  highly  uniform  Nii/3Mni/3Coi/ 
3CO3  particles  were  obtained  as  shown  in  Fig.  2a.  Interestingly,  two 
of  the  spherical  primary  particles  with  a  diameter  of  5  pm  were 
combined  each  other  (like  a  dumbbell),  and  randomly  oriented 
nanocubes  were  assembled  on  the  surface  (Fig.  2b).  Each  nanocube 
assembled  on  the  spherical  particle  exhibited  a  smooth  surface 
with  an  average  size  of  500  nm  (Fig.  2c).  The  uniformity  and  mor¬ 
phologies  of  the  Nii/3Mni/3Coi/3C03  precursor  were  successfully 
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Fig.  3.  X-  ray  diffraction  patterns  of  (a)  Nii/3Mni/3Coi/3C03  prepared  by  urea  assisted  solvo/hydrothermal  method  and  (b)  LiNii/3Mni/3Coi/302  obtained  using  the  Nii/3Mni/3Coi/3C03 
precursor. 


controlled  by  replacing  a  suitable  amount  of  ethylene  glycol  with 
the  partial  aqueous  solution.  The  addition  of  viscous  ethylene  glycol 
in  the  aqueous  solution  can  suppress  the  sudden  particle  growth 
and  regulate  the  directional  crystallization  of  Nii/3Mni/3Coi/3C03 
precursor  on  the  surface  because  the  diffusivity  of  metal  ions  in  a 
viscous  solution  is  decreased  according  to  the  Stokes-Einstein 
relation  (D  1/77,  D:  diffusion  constant,  17:  solution  viscosity). 

After  mixing  with  the  Li  precursor  and  subsequent  calcination 
at  700  °C  under  an  air  atmosphere,  the  Nii/3Mni/3Coi/3C03  pre¬ 
cursors  decomposed  and  then  formed  into  LiNii/3Mni/3Coi/302 
(SH-NMC)  with  a  uniform  particle  distribution  (Fig.  2d).  The  final 
shape  of  the  resulting  SH-NMC  was  similar  to  those  of  Nii^Mni/ 
3C01/3CO3  precursors.  When  calcined  at  too  high  temperature  over 
700  °C  and  for  a  long  time,  the  nanocubes  on  the  surface  coarsely 
grew  into  larger  particles.  The  primary  particles  of  SH-NMC 
exhibited  a  dumbbell-like  shape  merged  between  two  spherical 
particles  with  a  diameter  of  5  pm,  as  shown  in  Fig.  2e  and  g.  Unlike 
the  Nii/3Mni/3Coi/3C03  precursor,  nanocubes  of  500-700  nm 
randomly  oriented  on  the  spherical  core  have  a  nodulous  surface 
composed  of  nanoparticles  due  to  the  decomposition  of  carbonate 
groups  and  densification  during  calcination.  The  calcined  nano¬ 
particles  on  the  facet  of  nanocubes  ranged  from  20  nm  to  40  nm 
(Fig.  2h).  Fig.  2i  shows  the  interplanar  distance  and  the  corre¬ 
sponded  diffraction  patterns  of  the  SH-NMC  sample.  The  inter¬ 
planar  distance  of  SH-NMC  is  approximately  4.77  A,  which  is  in 
agreement  with  that  of  the  (003)  plane  of  the  LiNii/3Mni/3Coi/302 
phase.  The  high  crystallinity  of  SH-NMC  was  confirmed  from  the 
distinct  spot  patterns  obtained  by  the  fast  Fourier  transform  (FFT) 
results  shown  in  inset  of  Fig.  2i.  To  confirm  the  homogenous 
atomic  distributions  of  Mn,  Co,  and  Ni  in  the  dumbbell-shaped  SH- 
NMC  particles,  EDS  mapping  analysis  of  the  inset  of  Fig.  2j  was 
carried  out.  Each  element  was  uniformly  dispersed  throughout  the 
whole  region  of  the  particle.  In  addition,  the  atomic  percent  of 
each  element  in  SH-NMC  was  directly  confirmed  by  inductively 
coupled  plasma  (ICP)  mass  spectroscopy.  The  atomic  ratio  among 
Ni,  Mn,  and  Co  was  exactly  1:1:1.  The  results  demonstrate  that  the 
exact  amount  of  multiple  transition  metal  components  that  were 
homogenously  mixed  in  a  carbonate  precursor  helped  to  form  a 
single  LiNii/3Mni/3Coi/302  phase  without  partial  formation  of 
nonstoichiometric  MOx  impurities  (M  =  Li,  Ni,  Mn,  Co).  In  addition, 
unlike  Nii/3Mni/3Coi/3C03  precursors  prepared  by  the  co¬ 
precipitation  method,  which  is  based  on  an  aqueous  solution,  hy¬ 
drate  groups  absorbed  on  the  metal  carbonates  were  not  observed 
from  Nii/3Mni/3Coi/3C03  precursors  prepared  by  the  solvo/hydro¬ 
thermal  method  because  a  high  proportion  of  organic  ethylene 
glycol  (56  v/v  %)  in  the  solution  prevented  the  formation  of  hydrate 
carbonate  (Fig.  SI). 


Fig.  3  shows  X-ray  diffraction  patterns  of  the  as-prepared  Nil/ 
3Mni/3Coi/3C03  precursor  and  calcined  LiNii/3Mni/3Coi/302  cath¬ 
ode  material.  The  diffraction  patterns  of  the  Nii/3Mni/3Coi/3C03 
precursor  were  indexed  as  a  typical  carbonate  structure  (Fig.  3a). 
However,  the  split  of  each  peak  mainly  comprising  a  small  peak  at 
the  low  angle  and  a  large  peak  at  the  high  angle  from  the  main  peak 
position  was  observed.  This  phenomenon  is  not  observed  in  the 
case  of  co-precipitated  Nii/3Mni/3Coi/3C03  precursor,  as  shown  in 
Fig.  S2a  [18].  Unlike  the  co-precipitated  Nii/3Mni/3Coi/3C03  pre¬ 
cursor,  the  crystallinity  of  Nii/3Mni/3Coi/3C03  precursor  prepared 
by  the  solvo/hydrothermal  method  was  increased,  and  conse¬ 
quently  each  carbonate  phase  was  split.  This  result  indicates  that 
the  crystalline  growth  of  carbonate  phases  could  be  accelerated  by 
solvo-hydrothermal  reaction  with  high  pressure  and  relatively 
high  temperature  compared  with  co-precipitation  reaction  occur¬ 
ring  at  ambient  room  temperature.  Small  peaks  positioned  at  a 
relatively  low  angle  (26)  are  close  to  the  MnC03  phase  (JCPDS  no. 
83-1763),  and  large  peaks  positioned  at  a  relatively  high  angle  are 
close  to  the  C0CO3  (JCPDS  no.  11-0692)  and  NiC03  (JCPDS  no.  78- 
0210)  phases,  respectively.  Although  the  split  of  carbonate  peaks 
was  found,  the  atomic  distribution  of  Ni,  Mn,  and  Co  in  the  car¬ 
bonate  particle  seems  to  be  uniform  from  the  EDS  mapping  and 
ICP-mass  results.  Finally,  Fig.  3b  shows  the  diffraction  patterns  of 
the  SH-NMC  prepared  from  Nii/3Mni/3Coi/3C03  precursor.  The 
diffraction  pattern  of  the  LiNii/3Mni/3Coi/302  cathode  was  indexed 
on  the  basis  of  a  hexagonal  a-NaFe02  structure  with  the  space 
group  R3m,  and  also  showed  good  crystallization  without  any  im¬ 
purity  phase.  The  specific  surface  area  of  SH-NMC  and  C-NMC  was 
measured  by  Brunauer— Emmet— Teller  (BET)  analysis  to  examine 
the  relationship  between  the  number  of  reaction  areas  for  Li  and 
the  kinetic  properties.  The  surface  area  of  the  SH-NMC 
(~9.2  m2  g_1)  was  two  times  higher  than  that  of  C-NMC 
(~4.4  m2  g-1). 

The  electrochemical  properties  of  the  SH-NMC  were  investi¬ 
gated  to  evaluate  the  advantage  as  a  cathode  material  compared 
with  C-NMC  prepared  via  the  co-precipitation  method.  The  1st 
charge/discharge  curves  of  the  SH-NMC  and  C-NMC  cathodes  are 
shown  in  Fig.  4a.  Typical  charge/discharge  curves  of  each  LiNii/ 
3Mni/3Coi/302  cathodes  were  observed  without  an  additional 
plateau.  The  extraction  and  insertion  of  Li+  during  charging  and 
discharging,  respectively,  occur  in  the  sloping  region  between  3.6  V 
and  4.5  V  due  to  the  redox  reaction  of  Ni  and  Co  components  31  ]. 
The  derivative  capacity- voltage  (dQJdV)  plots  converted  from 
Fig.  4a  clearly  explain  the  nature  of  the  charging/discharging  pro¬ 
cesses,  as  shown  in  Fig.  4b.  The  broad  peak  between  3.7  V  and  4.2  V 
on  the  1st  charge  in  the  curves  is  related  to  the  oxidation  of  Ni  ions 
(Ni2+  ->  Ni4+)  and  Co  ions  (Co3+  -►  Co4+),  indicating  the  extraction 
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Fig.  4.  (a)  1st  charge/discharge  curves  of  LiNii/3Mni/3Coi/302  prepared  via  urea  assisted  soivo/hydrothermai  method  (SH-NMC)  and  co-precipitation  (C-NMC);  (b)  dQJdV  plots  for 
the  1st  cycle  converted  from  (a);  (c)  cycle  performance  of  the  LiNii/3Mni/3Coi/302  prepared  via  urea  assisted  solvo/hydrothermal  method  (SH-NMC)  and  co-precipitation  (C-NMC) 
for  50  cycles;  (d)  rate  capability  of  LiNii/3Mni/3Coi/302  prepared  via  urea  assisted  solvo/hydrothermal  method  (SH-NMC)  and  co-precipitation  (C-NMC)  at  different  current  rate  from 
0.1  C  to  10  C.  All  electrochemical  experiments  were  carried  out  in  a  voltage  window  between  2.5  V  and  4.5  V  in  a  constant-current  condition  at  a  current  density  of  16  mA  g-1  (0.1  C, 
1C  =  160  mA  g-1)  and  a  constant  voltage  at  4.5  V  for  3  h  during  charging  except  for  rate  capability  tests. 


of  Li+  from  the  LiNii/3Mni/3Coi/302  component  [32,33].  On  the  1st 
discharge,  the  reduction  peak  around  the  similar  potential  region 
was  found,  indicating  the  reduction  of  Ni  ions  (Ni4+  ->  Ni2+)  and  Co 
ions  (Co4+  ->  Co3+)  corresponding  to  reverse  lithium  insertion  into 
the  layered  structure.  Mn  ions  are  inactive  in  the  LiNii/3Mni/3Coi/ 
3O2  structure  because  the  oxidation  number  of  Mn  is  4.  Therefore,  a 
peak  at  3.4  V  known  to  represent  the  redox  potential  of  Mn  was  not 
found  in  the  dQJdV  plot. 

The  specific  capacity  and  cyclic  performance  of  the  SH-NMC 
have  been  compared  with  those  of  C-NMC,  as  shown  in  Fig.  4a 
and  c.  The  1st  charge  and  discharge  capacities  of  the  SH-NMC 
electrode  (charge:  196  mAh  g-1,  discharge:  171  mAh  g-1)  were 
higher  than  those  of  C-NMC  electrode  (charge:  185  mAh  g-1, 
discharge:  159  mAh  g-1).  In  addition,  the  coulombic  efficiency  of 
SH-NMC  and  C-NMC  in  the  1st  cycle  is  estimated  as  87.2%  and 
85.9%,  respectively.  In  the  case  of  the  SH-NMC  electrode,  a  high 
discharge  capacity  of  150  mAh  g_1  after  50  cycles  (87.7%  of  the  1st 
discharge  capacity)  was  observed.  In  contrast,  the  discharge  ca¬ 
pacity  of  C-NMC  was  108  mAh  g-1  after  50  cycles  (67.9%  of  1st 
discharge  capacity).  The  unique  morphologies  of  SH-NMC,  which 
contains  dumbbell-shaped  particles  assembled  by  nanocubes,  can 
be  attributed  to  the  further  higher  specific  capacity  and  cyclic 
performance  of  SH-NMC  compared  with  C-NMC.  Fig.  4d  shows  the 
rate  capability  of  both  SH-NMC  and  C-NMC  electrodes  with 
increasing  discharge  rates  from  0.1  Ctol0C(l  C  =  160  mAg_1).The 
difference  in  the  specific  discharge  capacity  between  the  SH-NMC 
and  C-NMC  electrodes  becomes  larger  with  an  increasing 
discharge  rate.  The  discharge  capacity  of  the  SH-NMC  electrode  at  a 
high  current  density  (1600  mA  g_1,  10  C)  was  retained  at  70.2% 
( ~  120  mAh  g-1)  of  the  discharge  capacity  at  a  low  current  density 
of  16  mA  g^1  (0.1  C).  In  contrast,  the  discharge  capacity  of  the  C- 
NMC  electrode  at  a  high  current  density  (1600  mA  g-1)  is  60.3% 


(~96  mAh  g-1)  of  the  discharge  capacity  at  a  current  density  of 
16  mA  g-1.  The  results  demonstrate  that  the  transition  metal  pre¬ 
cursors  prepared  via  different  synthesis  routes  can  effectively  affect 
not  only  the  final  morphologies  but  also  the  electrochemical  per¬ 
formance  of  the  LiNii/3Mni/3Coi/302  cathode.  Manipulating  the 
nodular  surface  of  microsphere  particles  can  significantly  improve 
their  kinetic  properties  and  reactivity  with  Li+  [22].  In  the  case  of 
SH-NMC,  many  nanocubes  randomly  orientated  on  the  surface  of 
the  dumbbell-shaped  particles  provide  the  innumerable  Li  reaction 
sites.  To  compare  the  reversibility  of  those  samples,  the  voltage 
difference  of  each  oxidation/reduction  peak  was  estimated.  The  SH- 
NMC  electrode  exhibits  an  excellent  reversibility  corresponding  to 
the  low-voltage  difference  of  the  peaks  (AV),  0.0084  V,  between 
charging  and  discharging.  However,  the  AV  for  the  C-NMC  is 
0.1062  V.  This  is  in  good  agreement  with  the  electrochemical  re¬ 
sults  from  both  samples. 

4.  Conclusions 

In  conclusion,  the  3-D  dumbbell-like  LiNii/3Mni/3Coi/302  cath¬ 
ode  material  assembled  with  nano-building  blocks  was  successfully 
synthesized  from  similarly  shaped  multicomponent  carbonate 
precursors.  The  micrometer-sized,  combined  spherical  Nii^Mni/ 
3C01/3CO3  particles  that  have  randomly  assembled  nanocubes  on 
the  surface  were  obtained  from  the  urea-assisted  solvo/hydro¬ 
thermal  method.  During  this  synthesis  process,  the  partial  addition 
of  viscous  ethylene  glycol  in  aqueous  solution  seems  to  play  an 
important  role,  not  only  in  suppressing  the  sudden  particle  growth 
but  also  in  regulating  the  directional  crystallization  of  carbonate 
particles  on  the  surface.  The  unique  hierarchical  LiNii/3Mni/3Coi/ 
302  prepared  via  the  urea-assisted  solvo/hydrothermal  method 
exhibited  better  electrochemical  characteristics,  such  as  initial 
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discharge  capacity,  cyclic  performance,  and  rate-capability  as  a 
cathode  material  of  Li-ion  batteries,  compared  with  the  LiNii/3Mni/ 
3C01/3O2  materials  prepared  via  the  conventional  co-precipitation 
method.  We  hope  that  the  multicomponent  carbonate  precursors 
prepared  using  our  synthesis  method  can  facilitate  the  preparation 
of  diverse  electrode  materials  for  energy  storage  systems. 
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